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In Brief
Lipopolysaccharide (LPS) of Gramnegative bacteria activates host innate immune responses. Ryu et al. investigates dynamic intermediates in the LBP-CD14-mediated LPS transfer to TLR4-MD2 down to the single-molecule resolution with negative-stain TEM and TIRF analysis, thus identifying the key molecular determinants in LBP, CD14, and TLR4 for efficient LPS transfer.
INTRODUCTION
Lipopolysaccharide (LPS), also called endotoxin, is the major component of the outer membrane of Gram-negative bacteria. LPS is released from the bacterial membrane after destruction of the bacterial cell wall and actively secreted in the form of bacterial outer membrane vesicle (OMVs) (Beveridge, 1999) . LPS binds to the pattern-recognition receptor-Toll-like receptor 4 (TLR4)-MD2 complex. This binding triggers host innate immune responses characterized by inflammation, cytokine production, and eventual clearance of the bacteria by effector cells and complement systems. However, severe bacterial infection and a sudden increase of LPS in the serum can cause the uncontrolled release of pro-inflammatory cytokines and an inappropriate amplification of the immune response, resulting in tissue damage, organ failure, and death, called sepsis or septic shock (Beutler and Rietschel, 2003) . Therefore, sensitive recognition of minute amounts of LPS during an early stage of bacterial infection is essential for host defense.
LPS consists of lipid A, core oligosaccharide, and O-antigen. Multiple acyl chains and two phosphate groups of the lipid A are critical for the M-shaped dimerization of the TLR4-MD2 complex (Park et al., 2009) , which leads to initiation of the MyD88-and TRIF-dependent signal cascades (Tan and Kagan, 2014) . Among the TLR family members, TLR4 is unique in that it requires an accessory molecule, MD2, to capture its ligand, amphipathic LPS. The hydrophobic part of LPS is thought to be buried either in the interior of the bacterial membrane or in the hydrophobic pocket of MD2 after being transferred to the TLR4-MD2 complex. Thus, the multi-acyl chains of LPS must be extracted from the bacterial membrane and protected until being presented to TLR4-MD2. Two key accessory molecules, LPS-binding protein (LBP) and CD14, make this transfer of LPS to TLR4-MD2 as efficient as possible, increasing the sensitivity of LPS detection (Hailman et al., 1994) .
LBP is a $60 kDa glycoprotein whose serum concentration is highly elevated during acute infections (Tobias et al., 1986) . LBP belongs to the lipid-binding protein/lipid transfer protein family that also includes bacterial/permeability-increasing protein (BPI), cholesteryl ester transfer protein (CETP), and phospholipid-transfer protein (PLTP) (Bruce et al., 1998) . These family members share a similar elongated structure, consisting of N-terminal and C-terminal barrel domains connected by a central domain (Beamer et al., 1997; Eckert et al., 2013; Qiu et al., 2007) . LBP forms a high-affinity complex with LPS (K D = $10 À9 M) that is subsequently delivered to CD14 (Hailman et al., 1994) . CD14, which then delivers LPS TLR4-MD2, is present as a GPI-anchored membrane protein on myeloid cell or as a soluble form in the serum. This latter soluble CD14 enables CD14-deficient cells, including most epithelial and endothelial cells, to respond to LPS (Tan and Kagan, 2014) . Structural analyses show that CD14 has an N-terminal hydrophobic pocket as well as a secondary hydrophobic cluster outside the entrance to this pocket; these comprise the principal components of the LPS-binding site (Kelley et al., 2013; Kim et al., 2005) . In addition to delivering LPS to surface TLR4-MD2, CD14 can mediate LPSinduced endocytosis of TLR4. This internalization induces TRIFdependent signaling in endosomes and subsequent interferon production (Zanoni et al., 2011) .
Although there has been a tremendous progress in structural characterization of the individual components required for the LPS transfer, including LBP, CD14, TLR4-MD2, and the M-shaped dimeric TLR4-MD2-LPS complex, the sequence and dynamics of the interactions of these components are not well understood. The transient nature of these interactions is advantageous for a rapid response of immune system, but has made it difficult to elucidate the molecular structures of transient intermediates (i.e., LPS-bound LBP, LPS-bound CD14, CD14-LBP-LPS complex, and the CD14-LPS-TLR4-MD2 complex). Here, we characterized the dynamic intermediates in the entire LPS transfer process at single-molecule or event resolution using electron microscopy and fluorescence analysis on a total internal reflection (TIRF) microscopy. A single LBP molecule that bound longitudinally to the surface of LPS micelles catalyzed multiple rounds of LPS transfer to CD14 via the key charged functional motif within LBP and CD14. Then, CD14 delivered an LPS molecule to MD2 in a TLR4-dependent manner, particularly LRR13-LRR15 domain in TLR4. These discoveries provide important mechanistic insights into the recognition of LPS by LBP and the entire process by which LPS is transferred from micelles to the TLR4-MD2 complex via LBP and CD14.
RESULTS

N-Terminal Basic Tip of LBP Binds Longitudinally to LPS Micelle
LBP mutagenesis experiments and functional competition assays with synthetic peptides have implicated basic residues in the N-terminal domain of LBP (i.e., Arg119, Lys120, and Lys124) in LPS binding (Lamping et al., 1996) . Beyond this, however, the manner in which LBP binds LPS micelles is unknown. Recent electron microscopy studies of another member of the lipid-binding protein/lipid transfer protein family, CETP in complex with lipoprotein, revealed that CETP penetrates high-density lipoprotein (HDL) and low-density lipoprotein (LDL) via the tip of its N-and C-terminal domains, respectively. These interactions allow CETP to bridge HDL and LDL molecules, mediating the transfer of neutral lipids from donor to acceptor lipoproteins (Zhang et al., 2012) .
To determine whether LBP binds the surface of LPS micelles in a similar manner, we performed negative-stain TEM imaging with free and LBP-bound LPS. Both LPS wild-type (WT) and LPS Ra mutant from E. coli exhibit long, thread-like micelles. The micelles of LPS WT had rougher surface than those of LPS Ra mutant that lack the O-antigen ( Figures 1A and S3A ). Reference-free 2D class averages revealed carrot-shaped LBP molecules and peanut-shaped CD14 molecules (Figure 1A) with sizes and shapes resembling their respective crystal structures (PDB: 4M4D for LBP, 1WWL and 4GLP for CD14) (Eckert et al., 2013; Kelley et al., 2013; Kim et al., 2005) . The C-terminal groove in each LBP molecule, indicated by a yellow arrowhead, allows us to distinguish the N-and C-terminal domain in the 2D class average of the LBP molecules ( Figures  1A and S1A) .
Next, we compared the reaction mixtures of LPS-LBP, LPS-CD14, and LPS-LBP-CD14 using negative-stain TEM. We observed many LBP molecules binding to the surface of the thread-like LPS micelles (LPS WT or LPS Ra), but we could not observe any CD14 binding to LPS by itself ( Figures 1B and  S1B ). The 2D class average of LBP-bound LPS micelles clearly showed that LBP binds longitudinally to the surface of LPS micelles ( Figures 1C and S1C) . Interestingly, when LPS, LBP, and CD14 were mixed together, the long thread-like micelles of LPS were quickly disaggregated into small round-shaped micelles with LBPs bound, forming a sea urchin-like structure (Figure 1B) . Although we were unable to distinguish LPS-bound CD14 from apo-CD14, these results indicate that the transfer of LPS to CD14 is mediated by LBP.
In the 2D class averages for LBP itself, the large LBP C-terminal groove was clearly visible. In the 2D class averages for the LBP-LPS complex, however, this groove was obscured (Figure 1C) . This makes it unclear whether the longitudinal binding of LBP to LPS micelles is mediated by the N-or C-terminal tip of LBP. To distinguish these possibilities, we identified from the LBP crystal structure (PDB: 4M4D) two conserved basic patches on exposed loops of the N-and C-terminal tips that may interact with the negatively charged phosphate groups and inner core of LPS. We refer to these N-and C-terminal patches as the A and C patches, respectively. We also designated the B patch including Arg119, Lys120, and Lys124, which were previously implicated in LPS binding (Lamping et al., 1996) . Next, we mutated these conserved positive residues to negative residues to form A, B, AB, and C patch mutant versions of LBP ( Figures 1D and S2A ). Negative-stain TEM analysis on mixtures of LPS with these LBP mutants that were expressed at similar levels as LBP WT and folded properly revealed that LPS did not bind to the LBP AB mutant and seemingly partial binding to the LBP A and LBP B mutants, while binding to the LBP C mutant was unaffected ( Figures 1E and S1D ). These findings suggest that longitudinal binding of LBP to the surface of LPS micelles is mediated by the basic tip of LBP's N-terminal domain.
A Functional Motif in LBP C-Terminal Tip Is Important for CD14 Binding and LPS Transfer
To assess the quantitative efficiency with which LPS micelles bind our LBP variants, we developed a fluorescence assay using the TIRF microscopy ( Figure 2 ). Micelles composed of Cy5-labeled LPS Ra molecules were immobilized on a polyethylene glycol (PEG)-coated quartz surface using anti-LPS antibodies, which resulted in an increase of Cy5 fluorescence in the imaging area (Figures 2A and S3A ). Although LPS WT and LPS Ra have similar biological activity (Raetz et al., 2007) , LPS Ra micelles had higher surface-immobilization efficiency than LPS WT micelles ( Figure S3B ). Unless otherwise specified, we therefore used LPS Ra micelles.
After immobilization of Cy5-LPS, we introduced the LBP variants to the LPS micelles via microfluidic buffer exchange (Figure 2A) . Of note, LBP binding induced an increase in the fluorescence intensities of Cy5 LPS (Figures 2B, white bar, and S3C), which are consistent with the previous observation . By performing a photobleaching experiment in the absence of LBP, we confirmed that this fluorescence enhancement is not caused by a de-quenching in the Cy5-LPS micelles ( Figure S3D ). Therefore, we used this Cy5-LPS fluorescence enhancement upon LBP binding as a measure for the interaction between LBP and LPS. Mutations in A or B patch of LBP partially blocked this fluorescence enhancement, but LBP AB mutant showed no fluorescence enhancement at all (Figure 2C) , indicating that the LBP binding was completely abolished for this LBP AB double mutant. Binding of the LBP C mutant to LPS was slightly reduced, but it still remained higher than the binding of either the LBP A or B mutant. These observations suggest that both the A and B basic patches at the tip of LBP's N-terminal domain are important for the LPS-LBP interaction.
To explore whether this impaired LPS binding of the LBP mutants affects LPS transfer to CD14, we added CD14 to the LBPbound LPS micelles ( Figure 2D molecules from the surface-immobilized micelles to CD14. The reduction of Cy5-LPS fluorescence intensity after addition of LBP A or B mutants with CD14 was similar to that of LBP WT. This suggests that LPS transfer to CD14 is largely preserved with these mutants despite their reduced LPS binding efficiency.
We did not, however, observe this decrease in Cy5-LPS fluorescence intensity with the LBP AB mutant, indicating that its ability to transfer LPS molecules to CD14 is largely impaired. Since mutation of both patches but not a single patch abolishes the LBPmediated LPS transfer to CD14, the conserved positive residues in the A and B patches of LBP have redundant but crucial roles in this process. Notably, although the LBP C mutant bound stably to LPS micelles ( Figure 2C ), it was severely defective in transferring LPS to CD14 ( Figure 2D ). To confirm this, we developed another fluorescence assay for assessing LPS transfer to CD14. In this assay, we mixed Cy5-labeled LPS micelles with the LBP mutants and CD14 tagged with enhanced green fluorescence protein (CD14-EGFP) ( Figure 2E ), whose LPS transfer efficiency was similar to that of unlabeled CD14 ( Figure S3E ). After 5 min of incubation in a tube, we introduced this reaction mixture and pulled down the CD14-EGFP to the surface with anti-EGFP antibodies ( Figures 2E and S3F ). We examined whether CD14 was co-pulled down with the transferred LPS by observing Cy5 signals on surface. As expected, the co-pulled down Cy5-LPS were not observed for the LBP AB and C mutant reaction, reconfirming their inability to transfer LPS to CD14.
To determine whether the LBP C mutant's inability to transfer LPS is due to defective CD14 binding, we next examined the interaction between the LBP-LPS complex and CD14. To this end, we induced LBP binding to the surface-immobilized LPS micelles, followed by introduction of CD14-EGFP. Then, we quantified CD14 binding to the LBP-LPS complex by monitoring surface-level EGFP using the TIRF microscope ( Figure 2F ). We were unable to observe any surface-level EGFP with the LBP C mutant, indicating that it does not physically interact with CD14-EGFP. Although LBP AB mutant does not bind properly to LPS micelles, its interaction with CD14-EGFP was unaffected ( Figure 2F , inset).
Finally, we examined LPS-induced immune responses with bone marrow-derived dendritic cells (BM-DCs) by monitoring the levels of interleukin-6 (IL-6) and TNFa secreted after stimulation with LPS and each LBP variant. Consistent with our in vitro fluorescence results ( Figures 2D-2F ), we found dramatic increases in IL-6 and TNFa secretion after stimulation with LPS and either LBP WT, LBP A, or LBP B, but not with LBP AB or LBP C ( Figure 2G ). These results not only confirm previous observations that the C-terminal domain of LBP is important for LPS transfer to CD14 (Han et al., 1994) but also reveal a role for the conserved basic patch at the tip of the LBP C-terminal domain in mediating the physical interaction between LBP and CD14, thereby permitting LPS-induced immune responses.
A Single LBP Molecule Bound to LPS Micelle Catalyzes Multiple Rounds of LPS Transfer to CD14s
CD14 is present in a membrane-bound form containing a GPIanchor or as a soluble protein in the serum (Tan and Kagan, 2014) . This raises the question of whether soluble CD14 forms a pre-complex with LBP in the absence of LPS. In an alternative scenario, LBP binds LPS first, followed by binding of soluble CD14 to the LBP-LPS complex. To address this question, we immobilized LBP-His to a surface with anti-His6 antibody and added CD14-EGFP in the presence or absence of LPS. The EGFP signals were observed only in the presence of LPS, indicating a requirement for LPS in the interaction between LBP and CD14. This rules out the existence of a LBP-CD14 pre-complex in the absence of LPS ( Figure 3A) .
We next compared the efficiency of LPS transfer upon sequential injection of LBP and CD14 with the simultaneous injection of LBP and CD14 ( Figure 3B ). We again used the reduction in Cy5-LPS fluorescence intensity to access the efficiency of LPS transfer (see Figure 2D ). We found that both sequential and simultaneous injection of LBP and CD14 produced similar levels of LPS transfer to CD14 after 2 min of incubation ( Figure 3C ). Using real-time measurements of Cy5 intensity, however, we were able to observe a much faster LPS transfer rate with sequential injection (t = 7 s) than simultaneous injection (t = 31 s) ( Figure 3D ). This indicates that LBP binding to LPS micelles is the ratelimiting step that must precede the interaction of LBP and CD14 to permit efficient LPS transfer to CD14.
There are two models for the LBP-catalyzed LPS transfer to CD14. Under the ''binary complex'' (or ''ping pong'') model, LBP interacts with an LPS micelle and then dissociates, carrying one LPS molecule with it. LBP then binds and transfers its LPS molecule to CD14 (Tobias et al., 1995) . Under the ''ternary complex'' model, LBP forms a tertiary complex with an LPS micelle and a molecule of CD14, and LPS transfer to CD14 takes place within the context of this complex . To distinguish these models, we measured LBP binding and unbinding events with single-molecule resolution. We labeled LBP with Cy3 (Cy3-LBP), added CD14 to Cy3-LBP-bound LPS micelles, and monitored the Cy3 signal during LPS transfer to CD14 ( Figures 3E and S4A-S4D ). Under these reaction conditions, we were able to confirm significant transfer of LPS to CD14 by observing a reduction in Cy5 fluorescence ( Figure 3F ). Remarkably, the Cy3 signal remained essentially constant, indicating that Cy3-LBP remains bound to LPS micelles during LPS transfer to CD14 ( Figures 3E and S4E ). We also asked how CD14 proteins behave during the transfer of multiple LPS molecules via a single LBP bound to LPS micelles. To reconstitute the LPS transfer reaction to CD14, we introduced CD14-EGFP onto LBP-bound Cy5-LPS micelles and simultaneously monitored the EGFP and Cy5 fluorescence signals ( Figures 3G and 3H) . While we were able to observe multiple spikes in the real-time traces of the EGFP channel, Cy5 intensity was continuously reduced ( Figure 3I ). The multiple EGFP spikes imply repetitive binding and unbinding of CD14-EGFP to the LBP-bound LPS micelles, and the continuous drop in Cy5 fluorescence indicates continuous transfer of Cy5-LPS molecules to CD14. Thus, our data strongly support the ordered, ternary complex reaction model . Of note, our results further suggest that once an LBP molecule binds an LPS micelle, it directs multiple rounds of LPS transfer to many different CD14s.
Single-Molecule Analysis Reveals the Kinetic Parameters for Transient Interaction between CD14 and the LBP-LPS Complex
Although binding of CD14 to the LBP-LPS complex is necessary for LPS transfer, the interaction of LBP with CD14 is very short lived ( Figure 3I ). This explains why it has been so difficult to measure the binding affinity of CD14 for LBP-LPS or the kinetics of their interaction. We, therefore, measured the kinetics of the interaction between CD14 and the LBP-LPS with single-molecule resolution ( Figure 3J) . To obtain the kinetic rates of CD14 binding, the latency time between successive binding events ðDt OFF Þ was measured. At 2 nM CD14-EGFP, the latency time distribution followed a single exponential function with a time constant of t OFF = 1.38 s (Figures 3K, 3O , and S4F-S4H). 
(legend continued on next page)
Likewise, the dwell times of individual binding events ðDt ON Þ were measured, of which distribution also followed a single exponential function with a time constant of t ON = 0.5 s ( Figures  3K, 3N , S4F, and S4H). To ensure that the observed fluorescence spikes indicate specific interactions between CD14-EGFP and LBP-LPS, we repeated this CD14-EGFP binding experiment on surface-immobilized LPS micelles in the presence of LBP C mutant or without LBP. Under this condition, the frequency of the CD14 binding events fell by more than one order of magnitude ( Figures 3L and 3M ). Thus, we were able to rule out the possibility that these fluorescence spikes were simply due to non-specific surface absorption of CD14-EGFP. The apparent dissociation constants ðK D Þ, which is the ratio of t ON ½CD14 À EGFP=t OFF; is 5.52 nM ( Figures 3N and 3O) , indicating a high, nanomolar range affinity. Together, our results suggest that CD14 binds to the LBP-bound LPS micelles with a high affinity, but it quickly dissociates from the LBP-LPS complex after the prompt transfer of LPS while LBP remains bound to the LPS micelles.
C-Terminal Acidic Patch on CD14's Concave Surface Is Critical for Transient Interactions with LBP-LPS Complex
We observed that the conserved basic residues at the tip of the LBP's C-terminal domain are essential for its interaction with CD14 ( Figure 2 ). We therefore asked whether CD14 contains a complementary surface with opposite charge that is responsible for its high-affinity interaction with the LBP-LPS complex. Because CD14 forms a transient intermediate complex with LBP-LPS, however, it is challenging to capture the ternary CD14-LBP-LPS complex for structural studies. To identify the region of CD14 responsible for its interaction with LBP-LPS micelles, we crosslinked CD14 and LBP with Sulfo-NHS (N-hydroxysulfosuccinimide) and EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) which can conjugate carboxyl groups in CD14 to amine groups in LBP's C-terminal tip. By then performing SDS-PAGE and western blot analysis, we were able to observe specific crosslinking of a partial LBP and CD14-EGFP only in the presence of LPS ( Figure 4A ). The LBP mutants defective in either LPS binding (LBP AB mutant) or CD14 interaction (LBP C mutant) did not form any crosslinked complexes with CD14-EGFP ( Figure S5B ). This suggests that the primary amine group on Lys319 within the basic C patch of LBP's C-terminal domain are specifically conjugated to the proximal carboxyl groups of negatively charged residues in CD14 during their transient interaction. Negative-stain TEM analysis on this crosslinked CD14-LBP-LPS complex revealed an interaction between the concave surface of CD14 with the basic tip of the LBP C-terminal domain ( Figure 4B ). The electrostatic properties of CD14 showed that its concave surface contains two acidic patches at N-terminal (b1, b3, b5) and C-terminal (b8, b10, b12) ends (Figures 4C  and 5A ). According to Juan et al. (1995) , LPS is transferred normally to CD14 mutants in which the negatively charged residues of b1 of the N-terminal acidic patch (human Glu7-Asp10 (ELDD)) have been replaced with alanine. We, therefore, expected that it is the C-terminal acidic patch on CD14's concave surface that interacts with the basic tip of LBP's C-terminal domain. To test this hypothesis, we generated a series of CD14 charge conversion mutants-CD14 D196K, D251K, and D297K-where negative charges in the C-terminal patch were converted to basic residues. We also prepared CD14 E311K as a negative control ( Figures 4D and S2B ). We confirmed that these mutants (and also those labeled with EGFP) remained monomeric in solution like their wild-type counterparts ( Figure S5A ). We assessed the interaction between these CD14 mutants (EGFP-labeled) and LBP-LPS micelles by observing the EGFP fluorescence signals ( Figure 4E ). We also measured the efficiency of LPS transfer to the CD14 mutants by measuring the decrease in Cy5 fluorescence intensity ( Figure 4F ). Interestingly, only the CD14 D251K and CD14 D297K mutants showed defects in interacting with LBP-LPS micelles and in transferring LPS.
Next, we measured the ability of these CD14 mutants to induce the TLR4-mediated activation of NF-kB. To do so, we stimulated HEK293 cells expressing TLR4 and MD2 with LPS, LBP WT, and the CD14 mutants for 6 hr before measuring the resulting level of NF-kB luciferase. While the CD14 D196K and E311K mutants largely retained their ability to induce NF-kB activation, the CD14 D251K and D297K mutants were significantly impaired ( Figures 4G and S5C) . These results, which are consistent with our in vitro fluorescence results, indicate that the C-terminal acidic patch of CD14 that includes D251 and D297 on the concave surface is crucial for the CD14's interaction with LBP as well as the subsequent transfer of LPS that is necessary for TLR4 activation.
Electrostatic Repulsion between Acidic Residues within LBP and CD14 Mediates the Prompt Dissociation of CD14 upon LPS Transfer CD14's N-terminal domain contains a second acidic patch (Figure 5A , green dashed circle) $30 Å from the C-terminal acidic patch that mediates CD14's interaction with LBP ( Figure 5A , black dashed circle). LBP also contains acidic patches (orange (F) Experimental scheme for monitoring LPS transfer to CD14 from a single micelle (top). Representative trace of the Cy5-LPS Ra intensity from a single micelle over time after CD14 injection onto unlabeled LBP-Cy5-LPS Ra micelle complexes (middle). Average Cy5 intensity time trace of all individual traces (bottom, n > 100). (G) Experimental scheme for single-micelle co-localization of Cy5-LPS Ra and CD14-EGFP using simultaneous excitation of both blue and red lasers. dashed circles), designated D and E, that fall a similar distance from the LBP C patch that mediates binding LBP to CD14 (Figures 5A , bottom, S5E, and S5F). We asked whether the rapid dissociation of CD14 from LBP-LPS complexes that follows LPS transfer may be mediated by an electrostatic repulsion between these two acidic patches (green and orange dashed circles on CD14 and LBP, respectively). To test this hypothesis, we generated two LBP charge conversion mutants: LBP D311K (in the D patch) and D439K/E443K (in the E patch). We induced binding of these LBP variants to the surface-immobilized LPS micelles and introduced CD14-EGFP. To differentiate long-lived CD14 binding events from transient bindings (as observed in Figure 3I ), we measured surface-level EGFP at two time points before and after microfluidic washing. This EGFP signal dropped significantly after washing for LBP WT and the LBP D439K/E433K mutant, suggesting that these LBPs showed only weak, transient interactions with CD14. In contrast, more than 70% of the EGFP signal remained even after washing for the LBP D311K mutant (Figures 5B and S5D ). This suggests that CD14 cannot properly dissociate from LBP-LPS complexes containing LBP D311K. Consistent with this, the LBP D311K mutant also showed reduced LPS transfer to CD14 ( Figure 5C ). By aligning LBP sequences from different species, we found the conservation of D311 (in the D patch) but not D439 or E443 ( Figure S2A ). Together, these results implicate the LBP D patch containing D311 in the rapid dissociation of CD14 from LBPbound LPS micelles and suggest that this dissociation is likely to be mediated by a repulsive force between matching acidic patches on LBP and CD14 ( Figure 5D , yellow dashed circle).
A LPS Molecule Bound to CD14 Is Transferred to TLR4-MD2 in TLR4-Dependent Manner
Finally, we assessed the transfer of LPS from CD14 to MD2. To this end, we experimentally confirmed that both LPS WT and LPS Ra mutant were successfully transferred to CD14 in an LBPdependent manner ( Figures S3G and S3H ). Using single-molecule photobleaching, we also observed that CD14 was predominantly in a monomeric state with single LPS molecules bound ( Figure 6A ). We surface immobilized CD14-LPS WT complexes before introducing TLR4-MD2 complex or MD2 alone. Since each LPS WT molecule was labeled with Cy5, we were able to measure Cy5 fluorescence intensity as an indicator of LPS transfer efficiency from CD14 to MD2. Cy5 signals fell dramatically upon addition of TLR4-MD2, indicating efficient LPS transfer to TLR4-MD2 ( Figure 6B ). Addition of MD2 alone, however, produced less than 20% reduction of Cy5 signal. This indicates that although MD2 alone can receive some LPS, LPS transfer from CD14 to MD2 is primarily TLR4 dependent. We made a similar observation with the LPS Ra mutant ( Figure 6B ). We then directly measured the amount of transferred LPS. To do this, we surface immobilized TLR4-MD2 complex or MD2 alone using anti-His6 tag antibodies, introduced the mixture of Cy5-LPS WT, LBP, and CD14 to initiate LPS transfer, and measured surface-level Cy5 signal. As expected, LPS transfer to TLR4-MD2 complex was significantly more efficient than transfer to MD2 alone ( Figure 6C ). These observations are consistent with a previous report that the LPS exhibits higher affinity to TLR4-MD2 complex than MD2 (Akashi et al., 2003) .
To identify the key structural determinants in TLR4 that mediate LPS transfer from CD14 to MD2, we generated truncated TLR4 fragments fused to the LRRCT domain of VLRB (Kim et al., 2007) . We co-expressed each TLR4-VLR hybrid (i.e., TV3, TV4, TV5, TV8, and TV9) with MD2 and then purified stable TLR4-VLR hybrid-MD2 complexes ( Figure S6A ). To measure LPS transfer efficiency from CD14 to TLR4-VLR hybrid-MD2 complexes, we quantified reductions in Cy5 fluorescence intensity on CD14 ( Figure 6D ) or the amount of transferred Cy5-LPS to TLR4-VLR hybrids-MD2 complexes ( Figure S6B ). While the TV5-, TV8-, and TV9-MD2 complexes showed efficient LPS transfer, the TV3-and TV4-MD2 complexes did not ( Figures 6D and S6B) . Since the only difference between TV4 and TV5 is the LRR13-LRR15 domains (Figure S6C ), these C-terminal LRR motifs must be critical for TLR4-dependent transfer of LPS from CD14 to MD2. 
(legend continued on next page)
If the TLR4 LRR13-LRR15 domains are the primary binding site for CD14-LPS, this would make them necessary for LPS transfer. Alternatively, it is also possible that CD14-LPS binds somewhere else and the TLR4 LRR13-LRR15 domains are involved only in the LPS transfer reaction. To test these two hypotheses, we immobilized our TLR4-VLR hybrid-MD2 complexes on surface and added the reaction mixture of Cy5-LPS, LBP, and CD14-EGFP ( Figure 6E, left) . The physical interaction between CD14 and TLR4-VLR hybrid-MD2 complexes was then assessed by counting the appearance of single EGFP fluorescence spots with time ( Figure 6E, middle) . This single EGFP count (at 100 s after reaction induced) was much reduced for the TV3-and TV4-MD2 complexes and almost comparable to that of the MD2 alone case, while the TV5-, TV8-, and TV9-MD2 complexes largely retained the counts (Figure 6E, right) . This result indicates that the LRR13-LRR15 domains are responsible for the physical interaction between CD14-LPS and the TLR4-MD2 complex, and the removal of these LRR domains abolishes binding with CD14-LPS and thus transferring LPS from CD14 to MD2.
Together, these results reveal that after a single LPS molecule is transferred to CD14 monomer, it is subsequently transferred to TLR4-MD2 complex in a TLR4-dependent manner, and this last step of LPS transfer requires the direct interaction of CD14-LPS complex with LRR13-LRR15 in TLR4's C-terminal domain.
DISCUSSION
In this study, we used negative-stain TEM to directly visualize the intermediate complexes, LBP-LPS micelles, and the ternary CD14-LBP-LPS micelle complex, which accomplish LPS transfer. In addition, we quantitatively examined the essential steps of the LPS transfer cascade using TIRF microscopy. These allowed the reconstruction of the sequence of molecular interactions and the definition of the functional motifs within LBP, CD14, and TLR4 that are required for efficient LPS transfer to TLR4-MD2 ( Figure S6D ).
We found that LBP binds longitudinally to the surface of LPS micelles via its N-terminal tip. Previous biochemical studies implicated a basic patch (here designated B patch) on the loop in LBP that connects b4 and b5 as being critical for LBP binding to LPS (Lamping et al., 1996) . However, our data show that this basic B patch at the N-terminal tip of LBP is necessary but insufficient to maintain high-affinity binding of LBP to LPS. We identified another basic patch adjacent to B that is also essential for LPS binding. This patch, which we designated A, is located on the loop of LBP's N-terminal tip that connects b2 and b3. All of the basic residues in patches A and B are evolutionarily well conserved, even in human BPI. This suggests that BPI can also have a similar binding mode to LPS as LBP to LPS. The longitudinal binding of LBP to LPS micelles we observed is reminiscent of the binding of CETP to lipoprotein; the N-terminal tip of CETP longitudinally penetrates high-density lipoproteins (HDL). Interestingly, despite the similar structure of the LBP and CETP N-terminal domains and their similar orientation when binding lipids, the basic residues in the A and B patch of LBP that are critical for LPS binding are not conserved in CETP. This is probably why the N-terminal tip of CETP penetrates HDL rather than binds to surface lipids like LBP. In addition, while the C-terminal tip of LBP interacts with CD14 for LPS transfer, the C-terminal domain of CETP binds low-density lipoproteins (LDL) or very-low-density lipoproteins (VLDL), bridging them to HDL for the transfer of cholesteryl esters (Zhang et al., 2012) . Thus, despite sharing similar sequences and domain structures, the members of the lipid-binding protein/lipid transfer protein family have evolutionarily diverged, acquiring their specific functions.
In addition to identifying the orientation of LBP binding to LPS, we also identified several functional motifs in LBP's C-terminal domain that are essential for LPS transfer. Specifically, complementary charge interactions between the C-terminal tip of LBP (C patch, K319, and R322) and the concave patch in CD14's C-terminal domain (D251, D297) are required for the delivery of LPS from LBP to CD14. In addition, the LBP D patch (D311K) near the C-terminal groove mediates CD14's immediate dissociation from LBP-LPS micelle complex after LPS transfer. Previous structural studies showed the similarities of the N-terminal, central, and C-terminal domains of LBP and BPI, but, compared to BPI, LBP's C-terminal domain is further displaced relative to its N-terminal and central domains. This displacement produces a unique groove between LBP's C-terminal and central domains (Eckert et al., 2013) . This structural difference probably underlies the functional discrepancy between LBP and BPI in mediating host defenses against Gram-negative bacteria (Iovine et al., 2002) . Moreover, mutations and single-nucleotide polymorphisms (e.g., P333L, F436L, L339F, I364T, and A445T) of human patients in LBP C-terminal domain are associated with higher mortality from bacterial infections, supporting the functional significance of LBP's C-terminal domain (Eckert et al., 2013) .
We found that CD14 has a high binding affinity for LBP only in the presence of LPS. Despite this high affinity, CD14 immediately dissociates from LBP-LPS micelle complexes after a single LPS transfer event, while LBP remains bound to LPS over multiple rounds of LPS transfer. Since CD14 binds LBP only in the presence of LPS, the LBP D patch (D311K) near the C-terminal groove may take a different conformation upon LPS binding. Alternatively, LPS may cover the LBP D patch to more efficiently recruit CD14 to LBP-LPS micelle complexes. Then, CD14 binding to the LBP-LPS micelle complex induces immediate transfer of LPS to CD14. This transfer probably induces a conformational change in the LBP D patch area, in CD14, or in both that activates the repulsive interaction between the acidic LBP D patch and the acidic CD14 N-terminal patch (D52, E54, E116, and E120). This repulsive interaction would then promote the rapid dissociation of the CD14-LPS complex from the LBP-LPS micelle complex. Further experiments will be necessary to fully explore this hypothesis.
(E) Experimental scheme for monitoring physical interactions between CD14-EGFP and the TLR4-VLR hybrid-MD2 complex (left). Cumulative count of appearance of CD14-EGFP spots for the immobilized TLR4-VLR hybrid-MD2 complexes on surface (middle). Total counts of the CD14-EGFP fluorescence spots measured at 100 s after initiation of the reaction (right). See also Figure S6 .
When CD14 binds the C-terminal tip of LBP, as in our model, CD14's hydrophobic pocket is positioned near the C-terminal groove of LBP, but far from the N-terminal distal interface between LBP and the LPS micelle. Although a previous crystal structure of LBP identified two phospholipid binding pocketsone in the N-terminal domain and the other near the C-terminal groove (Eckert et al., 2013) -future experiments will be necessary to clarify whether these hydrophobic pockets in LBP are indeed the binding site for LPS monomers. These experiments will hopefully also clarify the mechanism by which LPS molecules binding the N-terminal tip of LBP can be transferred to CD14 molecules binding the C-terminal tip of LBP.
Our fluorescence analysis using a TIRF microscope also facilitated quantitative monitoring of LPS transfer from CD14 to TLR4-MD2. Soluble MD2 can reportedly receive LPS from CD14-LPS complexes and subsequently activate TLR4 (Gioannini et al., 2004) . We found that TLR4, especially its LRR13 to LRR15 domains, is required for efficient LPS transfer from CD14 to MD2, although CD14 can transfer limited LPS to MD2 in the absence of TLR4. Interestingly, TLR4's LRR13-LRR15 domains are the points of direct contact between the two TLR4 molecules in dimeric, M-shaped TLR4-MD2-LPS complexes. The LRR13-LRR15 domains also contain residues K362 and K388, which are required for TLR4's interaction with the phosphate group of lipid A. This interaction plays an important role in the dimerization of the TLR4-MD2 complex upon LPS binding. In addition, the LRR13-LRR15 domains are the site of a TLR4 single-nucleotide polymorphism (T399I) that is known to reduce LPS responsiveness (Georgel et al., 2009) , and they overlap with the TLR domain (LRR14-18) that is required for species-specific responses to lipid IVa (Walsh et al., 2008) . Our observations further revealed that these LRR13-LRR15 domains of TLR4 are responsible for the physical interaction of TLR4-MD2 with CD14-LPS for efficient LPS transfer from CD14 to MD2. It is likely that the LRR13-LRR15 domains that are located near the entrance of the MD2 hydrophobic pocket form a transient intermediate complex with either CD14, LPS, or both that promotes LPS transfer to MD2.
The structure of LPS varies not only between bacterial species, but also within a single bacterial species under different growth conditions. These structural differences can result in different TLR4-mediated immune responses in a given infected host (Raetz et al., 2007) . In addition, LPS susceptibility also varies by host species. Both MD2 and TLR4 contribute to the discrimination of diverse LPS structures and to species-specific LPS responses (Akashi et al., 2001; Hajjar et al., 2002) . It remains unclear, though, whether these differences are attributable to differences in dimerization of TLR4-MD2 complexes upon LPS binding or to differences in the efficiency of LPS transfer from CD14 to TLR4-MD2. It is also possible LBP and CD14 exhibit different binding affinities and different transfer efficiencies for diverse LPS molecules, thus leading to distinct LPS responses. The quantitative fluorescence analysis system utilizing TIRF microscopy established in this work can be further utilized to address these questions.
In conclusion, our integrative investigation of the dynamic intermediates that form during the entire LPS transfer process revealed the mode by which LBP binds LPS and the molecular details of the interaction between CD14 and the LBP-LPS complex as well as the interaction between CD14-LPS complex and TLR4-MD2 complex. It also revealed the key molecular determinants in LBP, CD14, and TLR4 that are critical for LPS transfer and LPS-induced immune responses.
EXPERIMENTAL PROCEDURES Protein Expression and Purification
Mouse LBP, mouse CD14, mouse MD2, the ecto-domain of mouse TLR4, human MD2, and human TLR4-VLR hybrids (hTV3, hTV4, hTV5, hTV8, and hTV9) were expressed in High Five insect cells using recombinant Baculovirus and purified as previously described (Eckert et al., 2013; Kim et al., 2005 Kim et al., , 2007 Park et al., 2009 ). The LBP mutants (A, B, C, D, and E patch mutants or C86S) or CD14 mutants (CD14 D196K, D251K, D297K, and E311K) were generated using a QuickChange site-directed mutagenesis kit (Stratagene) and verified by DNA sequencing.
Negative-Stain TEM and Image Processing
For the negative staining and TEM analyses, samples (LPS, LBP, CD14, LBP-LPS, or crosslinked LBP-LPS-CD14) were applied to a glow-discharged copper grid coated with a continuous carbon film and stained with 0.75% uranyl formate. The negatively stained specimens were examined under a FEI Tecnai G2 spirit microscope operated at 120 kV. For the 2D class average, 1,000-1,500 particle images were selected from 100 micrographs of negatively stained specimens and subjected to 15 iterations of the reference-free alignment and classification using RELION (Scheres, 2012) .
LPS and LBP Labeling
LPS and LBP were labeled with Cy5 mono-reactive dye and Cy3 maleimide mono-reactive dye (GE healthcare), respectively, according to the manufacturer's protocol. Cy5-labeled LPS (Cy5-LPS) and Cy3-labeled LBP (Cy3-LBP) were separated from any remaining free dye molecules using G-25 columns (GE healthcare) and p6 DG gel filtration chromatography (Bio-Rad), respectively.
TIRF Imaging and Reconstitution of LPS Transfer Cascade
Imaging of fluorescence signal was performed using a TIRF microscope as previously described (Ryu et al., 2015) . An average of a 10-frame TIRF image area (45 3 90 mm 2 and 256 3 512 pixels 2 ) was used for the snapshot analysis.
TIRF images were recorded for 1 min with a time resolution of 200 ms for realtime analysis. LPS (Cy5-LPS Ra, LPS Ra), LBP, CD14-EGFP, and MD2 were immobilized on a polyethylene glycol (PEG)-coated quartz surface using anti-LPS, antiHis6, anti-EGFP, and anti-His6 antibodies, respectively. We reconstituted the whole LPS transfer process from LPS micelles to TLR4-MD2 in a TIRF microscope. Further details are described in the Supplemental Experimental Procedures. This allowed us to assess the binding efficiency of LBP to LPS micelles, the amount of LPS transferred from LBP to CD14, the interactions between CD14 and LBP-LPS micelle complexes, the amount of LPS transferred from CD14 to MD2, and the interactions between CD14-LPS complex and TLR4-MD2 complex.
Functional Analysis of LBP and CD14 Variants with Bone MarrowDerived Dendritic Cells and HEK293 Cells For functional analysis of LBP variants, BM-DCs were stimulated with LPS Ra (Sigma) and LBP variants (LBP WT and LBP mutants). Secreted IL-6 and TNFa in the supernatants were measured after 4 and 2 hr, respectively, using an IL-6 or TNFa ELISA kit (BD Biosciences).
For functional analysis of the CD14 variants, mTLR4, mMD2, NF-kB-Luc, and Renilla-Luc were transfected into HEK293 cells using lipofectamine 2000 (Invitrogen). After 24 hr of transfection, the cells were stimulated with LPS Ra (Sigma), LBP WT, and the CD14 variants (CD14 WT and the CD14 mutants) for 6 hr. Dual luciferase assays were performed according to the manufacturer's instructions (Promega), with firefly luciferase activity (NF-kB-Luc) normalized to Renilla luciferase activity. 
